Poly(ADP-ribose) polymerases have shown true promise in early clinical studies due to reported activity in BRCA-associated cancers. PARP inhibitors may represent a potentially important new class of chemotherapeutic agents directed at targeting cancers with defective DNA-damage repair. In order to widen the prospective patient population that would benefit from PARP inhibitors, predictive biomarkers based on a clear understanding of the mechanism of action are required. In addition, a more sophisticated understanding of the toxicity profile is required if PARP inhibitors are to be employed in the curative, rather than the palliative, setting. PARP inhibitors have successfully moved into clinical practice in the past few years, with approval granted from the Food and Drug Administration (FDA) and European Medicines Agency (EMA) within the past two years. The United States FDA approval of olaparib applies to fourth-line treatment in germline BRCA-mutant ovarian cancer, and European EMA approval of olaparib for maintenance therapy in both germline and somatic BRCA-mutant platinum-sensitive ovarian cancer. This review covers the current understanding of PARP, its inhibition, and the basis of the excitement surrounding these new agents. It also evaluates future approaches and directions required to achieve full understanding of the intricate interplay of these agents at the cellular level.
Introduction
Breast cancer is the most frequently occurring cancer in women worldwide; ovarian cancer is the second most common gynaecological cancer in developed countries such as Poland, the United States, and the United Kingdom [1] . Approximately 14,180 women die from ovarian cancer and 40,290 women die from breast cancer yearly [1] . The overall five-year survival rate is 36% and 80% for ovarian and breast cancer, respectively [1] .
The especially high degree of fatality of ovarian cancer may be correlated to its ambiguous, nonspecific, and often asymptomatic course. Alarming symptoms usually appear when the disease has advanced outside the ovary. The identification of early-stage ovarian cancer confined to the ovary is often incidental and carries a five-year survival of 92% [2] . The mortality rates from ovarian cancer have remained largely unchanged for over five decades [3] .
Breast cancer incidence has shown the highest rates in developed countries, urban populations, and in Caucasian women. The highest incidence occurs in North America and the lowest in Asia [4] . It has been shown that BRCA1 gene mutations account for 1-2% of breast cancers and virtually all familial breast-ovary tumours [5] . The prognosis of breast cancer is determined through several characteristic features, namely, oestrogen (OR), progesterone (PR), and HER2 receptor status and mutation status. BRCA1 mutations usually confer a more aggressive phenotype, are high grade, and are more likely to be triple-negative (OR, PR, and HER2). BRCA2 mutations resemble sporadic breast cancer [6] .
This review will summarise the recent development of poly(ADP-ribose) polymerases (PARP) as new emerging agents in the treatment of tumours with BRCA and BRCA-related mutations.
DNA damage repair pathways and BRCA function
The past few years have brought dramatic advances in our understanding of the mechanism and regulation of cellular components that are of crucial importance in the repair processes of DNA damage. DNA encounters various assaults on its native structure and sequence throughout the life span of a cell [8] . Human cells have at least five primary pathways of DNA repair, which are systems that serve to probe and identify defects protecting the genome. The major DNA repair pathways are direct repair, mismatch repair (MMR), base excision repair (BER), nucleotide excision repair (NER), and double-strand break (DSB) recombinational repair, which includes both non-homologous end-joining (NHEJ) and homologous recombinational repair [7] . Dysfunction, reduction, or absence of proteins committed to these pathways may lead to disastrous cellular consequences causing mutagenesis and toxicity.
In recent years, BRCA1 and BRCA2 tumour suppressor genes have been linked to a fundamental role in the response to cellular damage through activation of specific DNA repair processes. Both the BRCA1 and BRCA2 proteins are often found in stable interaction, suggesting these proteins cofunction in pathways of tumour suppression. Both genes have been proposed to function in DNA repair and as transcriptional regulators. BRCA1 and BRCA2 form a complex with Rad51, a protein that has an established role in homologous recombination [9] .
It has been shown that BRCA1 is also involved in complexing with and activation of p53 [11] . The tumour suppressor protein p53 is involved in a variety of human cancers [10] ; the normal function of p53 is to signal the occurrence of DNA damage and temporarily arrest the cell cycle to either allow repair or trigger cell death. A more detailed analysis of the effects of BRCA genes and their transcriptional functions may result in a clearer understanding of their tissue-specific actions.
BRCA mutations and cancer risk
There is a clearly established association of germline mutations in BRCA1 and BRCA2 and the development of breast or ovarian cancer syndrome [12] . BRCA1 and BRCA2 gene mutations are notably linked to inherited breast and ovarian cancers, and are also implicated in sporadic malignancies. These genes can therefore be associated with the development of tumours with mutations derived from either germline or somatic (tumour only) variants [13] .
The current methods used for the identification of BRCA gene mutations is dependent on DNA sequencing techniques. Currently, one of the difficulties with this method is differentiating between clinically significant changes and benign non-pathogenic variations in these genes, termed variants of unknown significance (VUS). Genetic testing has revealed that approximately 13% of BRCA1 and BRCA2 mutations are VUS, implying clinical uncertainty and ambiguity in risk assessment of tested individuals [14, 15] . Evidently, the task of accurately identifying carriers of BRCA mutations is complicated by our continued lack of understanding of the significance of various polymorphisms in these genes and the mechanism of tumorigenesis conferred upon mutation.
It has been recognised that BRCA1-related breast cancers are more likely to be ER-negative than are BRCA2 and non-BRCA1 cancers [16] . Oestrogen has a profound effect on both normal and malignant cells. It is known that certain genes controlling growth regulation are heavily influenced by the effects of oestrogen. Breast and ovarian cancers are often initially evaluated for oestrogen receptor (ER) status, with the rationale of individualised therapy. Knowledge of ER status provides additional information with regard to patient prognosis and treatment directives. The failures of BRCA function and oestrogen signalling among other mechanisms promotes a lack of proper DNA surveillance, leading to tumorigenesis. It has been shown that gene silencing of BRCA1 is associated with increased gene expression of aromatase catalysing the conversion of steroids into active oestrogens. This results in increased activity and therefore increased oestrogen synthesis [17] . Thorough evaluation of oestrogen signalling is required to provide the effective preventive, therapeutic, and possibly curative measures in both BRCA and non-BRCA cancers.
Poly(ADP-ribose) polymerase (PARP) activity and inhibition
Poly(ADP-ribose) polymerases (PARPs) constitute a large family of 18 proteins [18] . PARP1 and PARP2 are enzymes, activated by DNA damage, which facilitate DNA repair in pathways involving single-strand breaks (SSBs) and base excision repair (BER) (Fig. 1) . PARP1 behaves as a 'DNA nick' signalling SSB where it is recruited and participates in DNA repair [19] . PARP1 becomes activated upon detection and binding to areas of single strand damage via its zinc-finger DNA-binding domain. After binding to altered DNA, PARP1 increases its catalytic activity and uses NAD + to create polymers of poly(ADPribose) (PAR) and transfers it to acceptor proteins, including PARP itself [20] . This auto-poly(ADP-ribosyl) ation recruits various other proteins to the site of DNA-damage, initiating a repair complex. Eventually, PARP1 undergoes a molecular change that ultimately leads to its reduced affinity for DNA; following its release the damaged site may be accessed by other repair complex proteins [20] . Additionally, overactivation of PARP1 induces reduction of NAD + and ATP, resulting in cellular dysfunction and may lead to necrosis or apoptosis [21] .
Clinical application of PARP inhibitors in BRCA mutations
DNA replication and error-repair is a critical component of cancer cell survival. Briefly, suppression of PARP leads to stalling of replication forks due to the accumulation of unrepaired SSBs [22] . Stalled replication forks degrade into highly cytotoxic double strand breaks (DSBs) if not corrected by appropriate repair mechanisms, which are essentially absent in BRCA-mutated cells [22] . Since BRCA-mutated cells are incapable of HR (considered the most precise DSB repair mechanism), PARP inhibition results in genomic instability and cell death [23] . Thus, tumours that harbour a defect in homologous repair (HR) (and likewise a defect in DSB repair) seem to be highly vulnerable to the effects of PARP inhibition. Notably, these tumours include somatic and germline BRCA-1 and BRCA-2 mutations.
The most recent reported clinical trials are testing the efficacy of currently available PARP inhibitors. The phase III trials of talazoparib, niraparib, olaparib, and veliparib have shown antitumor efficacy and tolerability and will continue to be researched. Olaparib has recently been granted accelerated approval based on clinical data showing drug effectiveness. The approval was granted under the notion that the drug is used to treat a life-threatening disease, and clinical trials will probably predict clinical benefit to patients. Limited data are available on the activity of olaparib, warranting further investigation.
Currently, all PARP inhibitors are believed to inhibit both PARP1 and PARP2 [23] . The suppression of PARP catalytic activity prevents the formation of PAR polymers and blocks the binding of NAD + at the site of DNA damage, ultimately compromising a cell's ability to overcome DNA-dependent damage [24] . Additional studies and trials are required to further our understanding of PARPs and their complete biological roles.
Predicting response to PARP therapy
The identification of a reliable biomarker of response to PARP inhibition has found to be exceptionally challenging due to inconsistency from various investigative approaches. Recent studies have revealed promising biomarkers through the measurement of PAR poly(ADP-ribose) levels, formation of RAD51 foci, and calculating the levels of 53BP1 expression in can- cer cells [25] . Hence, the identification of an accurate biomarker is imperative in order to optimise clinical responsiveness to PARP inhibitor therapy.
PARP inhibitors and synthetic lethality
PARP inhibitors have shown promise in oncology through synthetic lethality, among other applications. Synthetic lethality arises when two agents applied independently permit cell survival whereas both events in combination result in cell death. The greatest advantage of exploiting synthetic lethality is that tumour tissue is selectively targeted resulting in decreased toxicity to normal cells.
The inhibition of PARP prevents timely repair of persistent SSBs that culminate in degradation into double strand breaks (DSBs) when encountered by replication forks, which collapse and cannot be restarted [26] . Normal cells with a BRCA mutation are often heterozygous for the abnormal gene, are able to repair the DBSs, and survive unaffected under PARP inhibition. Conversely, cancer cells may be homozygous for the mutated BRCA1 or BRCA2, conferring inadequate DNA repair and susceptibility to the synthetic lethality of PARP inhibitors [27] . This clinical strategy potentially provides a wider variety of therapeutic possibilities, and this alone may even prove to be sufficient enough to avoid the toxic effects of chemotherapy and radiation.
Safety of PARP inhibitors
The toxicities of PARP inhibitors are comparable to other chemotherapeutic agents. Studies have revealed that nausea, fatigue, vomiting, anaemia, and abdominal pain are among the most frequently reported adverse effects [28] . A serious concern, as with all chemotherapeutic agents, is the development of de novo primary malignancies [29] . Continued research and follow-up are imperative to outline the risk and to achieve the full potential of PARP inhibitor therapy.
Resistance to PARP inhibitors
Resistance to PARP inhibitors poses a significant barrier to the long-term survival and treatment options of patients with BRCA1-and BRCA2-mutated cancers. A large fraction of patients with tumours that are potentially amenable to therapy either do not respond to PARP inhibitor treatment or rapidly develop clinical resistance. Acquired resistance is becoming a significant problem. It is largely unknown how resistance to PARP inhibitors develops. At present, there are a number of mechanisms believed to confer resistance to PARP inhibitors. Firstly, it is thought that a reversion mutation in the BRCA gene could potentially result in resistance by restoring homologous recombination (HR) function [30] . These newly resistant cancer cells with restored HR function have a significant survival advantage and are therefore more resistant to treatment. Secondly, a decrease in non-homologous end-joining (NHEJ) may provide resistance to PARP inhibitors. The NHEJ repair pathway is normally upregulated during PARP inhibition, playing an important role in synthetic lethality. Thirdly, decreased levels, activity, or enzymatic action of PARP-1 available for inhibition is pivotal for the effectiveness of PARP inhibitor treatment. Furthermore, upregulation of permeability glycoprotein efflux pumps results in increased PARP inhibitor efflux and decreased intracellular concentrations of the agents [31, 32] . Lastly, the increased activity of RAD51, an essential protein involved in HR, results in resistance to PARP inhibitors [33] .
Treatment of certain patients with PARP inhibitors may require knowledge of particular resistance mechanisms that could influence the efficacy of treatment. Therefore, the assessment of resistance mechanisms and controlling these factors prior to treatment with PARP inhibitors may provide better outcomes [34] .
This class of agents has great potential for development; it is essential to understand more fully the mechanism and interplay of PARP inhibition and resistance before clearer conclusions can be defined.
Conclusions and future directions
Research into PARP inhibition has shown efficacy and the potential to directly target DNA repair mechanisms as an effective method of new anti-neoplastic agents. Several PARP inhibitors, including the ones mentioned above, are currently under extensive investigation and development. These agents have been shown to have similar toxicity profiles and adverse effects as other regularly used chemotherapeutics. Studies have shown the effectiveness of PARP inhibition as single agents and in combination with other chemotherapy strategies.
PARP inhibitors offer a promising strategy, but many questions apart from clinical efficacy remain unanswered. For instance, for the long-term effects of administration of PARP inhibitors or similar, it is not clear if these drugs potentiate other toxicities when used in combination.
At the same time, there is a continual demand and search for biomarkers that can efficiently identify tumours that are most likely to respond to PARP inhibitor treatment. These new agents appear likely to become a fundamental components in the management of patients with BRCA mutations associated tumours. Presently, research concerning other genetic defects that could potentially confer susceptibility to PARP inhibitor treatment is on-going. Expanding and identifying populations that could be treated with these new class of agents may result in improved clinical outcomes.
Overall, PARP inhibitors are an exciting new class of drugs that have attracted a great deal of attention and shown great potential for future development. Consistent research and progress of current studies will lead to a stronger understanding and a more comprehensive view of these agents and their role in future treatment strategies.
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